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Each patient underwent resting radionuclide angiography (RNA). echocardio-
graphy, and cardiac catheterization (high fidelity pressure) before AVR, then
RNA and echocardiogram at one week and six months after AVR. Patients
were stratified by preoperative ejection fraction (EF) into reduced EF «50%)
and normal EF (:::50%) groups.
Pre-operatively, peak positive dp/dt was lower in the reduced EF group
(1300 vs 1700 mmHg/sec, p = 0.035). and wall stress was elevated similarly
in both groups (p = NS).
Temporal Relationships of EF and Wall Stress
Set tidal volume (15 cc/kg), PEEP (3-4 cm H20). and I-time (1 sec) were
kept constant. Measurements in both conditions included pulmonary artery
pressure (Ppa ) by micromanometry and Opa by ultrasonic flow probe. Right
ventricular stroke work (SW) was determined by sonomicrometry. Transpul-
monary vascular efficiency (TVE), a sensitive indicator of the efficacy of pul-
monary blood flow, was calculated by Opa/total power where total power is
the energy the right ventricle imparts in moving blood through the pulmonary
vasculature. Measurements were compared by Student's paired t-test with
P < 0.05 considered significant.
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S.D. 11 9 1.7 1.7 17 12 1.3 2.0
PYS. Prefilter: 0.0002 0.0001 0.001 0.014
MVU Control
Vent ICU Hasp Vent ICU Hasp
Mean 3 5 9 7 10 15
SO 2 3 4 8 9 11
PYS. MVU: 0.086 0040 0.067
MVU results in improved hemodynamics and a more rapid recovery in in-
fants undergoing open heart operations. MVU can be used in a wide range
of patients, including those with univentricular cardiac malformations.
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Modified arteriovenous ultrafiltration has been used in pediatric cardiac
surgery to reduce tissue edema and improve organ function. Arteriove-
nous filtration may be problematic in hemodynamically unstable patients and
those with univentricular cardiac anomalies. To avoid problems that may oc-
cur during arteriovenous filtration, a technique of modified venovenous ul-
trafiltration (MVU) has been developed. From May through August, 1994,
20 neonates and infants (mean age 61 days, mean weight 4.5 kg) under-
went open cardiac surgical procedures followed by 20 minutes of MVU af-
ter separation from cardiopulmonary bypass. Diagnoses included ventricular
septal defect (4), complete atrioventricular septal defect (3). transposition of
the great arteries (3), hypoplastic left heart syndrome (3), tetralogy of Fal-
lot (2), total anomalous pulmonary venous connection (2), truncus arterio-
sus (1). and anomalous left coronary artery (1). MVU removed a mean vol-
ume of 98 ml/kg body weight and increased the hematocrit from 24 to 33%
(p = 0.0001). Effects of MVU on systolic and mean arterial pressure (SAP.
MAP) and on echocardiographic measurements of left ventricle wall thick-
ness (LVT) and mitral velocity-time integral during the first third of diastole
IVTI 1/3) are shown:
Filtered patients were compared to age- and diagnosis-matched controls
operated on by the same surgeon within the same year. Days ventilated
(Vent), days in intensive care (ICU), and postoperative hospital days (Hosp)
were analy.zed:
CH significantly increases PVR but accomplishes this at the expense of
increased right ventricular work, decreased TVE, and increased oxygen con-
sumption. The potentially detrimental effects of CH on cardiorespiratory per-
formance must be appreciated when applying this therapy to clinical condi-
tions with unstable physiology.
Pulmonary Vascular Endothelium Is Capable of
Producing Nitric Oxide After Cardiopulmonary
Bypass and Circulatory Arrest
Paul M. Kirshbom, Steven S.L. Tsui, Louis R. DiBernardo, Jon N. Meliones, Debra
A. Schwinn, Ross M. Ungerleider, J. William Gaynor. Duke University Medical
Center. Durham, NC
Cardiopulmonary bypass (CPB) and deep hypothermic circulatory arrest
IDHCA) can lead to clinically significant pulmonary dysfunction and increased
pulmonary vascular resistance (PVR). Endothelial production of nitric oxide
(NO), a vasodilator, is an important mediator of pulmonary vascular tone. En-
dothelial injury during CPB and DHCA with loss of NO production may result
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Controlled Hypoventilation Increases Pulmonary
Vascular Resistance at the Expense of Increased
Right Ventricular Work and Oxygen Consumption
Modified Ultrafiltration Reduces Myocardial
Edema and Reverses Hemodilution Following
Cardiopulmonary Bypass in Children
J. William Gaynor, Robert M.R. Tulloh, Clarence H. Owen, Ian D. Sullivan, Martin
J. Elliott. Duke University Medical Center. Durham, NC; Hospital for Sick Children,
London, England
Ira M. Cheifetz, Donald R. Black, Damian M. Craig, Frank H. Kern, Peter K. Smith,
Jon N. Meliones. Duke University, Durham, NC
Controlled hypoventilation (CH) has been utilized to increase pulmonary vas-
cular resistance (PVR) and limit pulmonary artery blood flow (Opa) in con-
ditions with pulmonary overcirculation and single ventricle physiology. The
effects of CH, and subsequent hypercapnia, on the pulmonary circulation,
right ventricular performance, and oxygen consumption (V02) are poorly de-
scribed.
To more precisely define the effects of CH on the cardiopulmonary circu-
lation independent of cardiac shunting, seven swine (30-46 kg) with normal
cardiac and pulmonary anatomy were studied. The swine were placed on
volume control ventilation with ventilator rates adjusted to maintain PaC02
at 35-45 mmHg for normocapnia (NC) and 55-75 mmHg for CHlhypercapnia.
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Cardiopulmonary bypass (CPB) causes a significant increase in total bodywa-
ter (TBW) resulting in organ edema and dysfunction. Modified ultrafiltration
(MUF) performed following CPB significantly reduces the increase in TBW.
The effects of (MUF) on myocardial edema were investigated in 9 children
undergoing CPB with cardioplegic arrest for the repair of congenital heart
disease. The mean age at the time of surgery was 2.8 ± 3.7 years and the
mean weight was 11.4 ± 9.1 kg. Five children were under 1 year of age and 5
weighed less than 10 kg. The myocardial short axis cross-sectional area IMY-
OCSA) measured by epicardial echocardiography pre-CPB, post-CPB, and
post-M UF was used to assess changes in myocardial wall thickness. The
filtrate volume removed by MUF was 470 ± 240 mls. The hematocrit (HCTI
increased from 24 ± 4% post-CPB to 39 ± 8% following MUF (p < 0.0001).
MYOCSA increased from 5.6 ± 0.7 to 6.5 ± 0.9 cm2 (p = 0.011) during CPB.
Following MUF, MYOCSA decreased to 5.9 ± 0.8 cm2 (p = 0.013). which
was not significantly different from control (p > 0.1). MUF performed follow-
ing CPB in children reverses hemodilution increasing the HCT and reduces
myocardial edema.
Wall stress was reduced at one week post-operatively (p < 0.005) in both
groups. Ejection fraction remained depressed in the reduced EF group. By
six months, however, EF had dramatically improved in the reduced EF group
(p ~ 0.002).
Conclusion: In patients with LV dysfunction, EF remains low one week
after AVR despite rectification of afterload mismatch. At six months, how-
ever, ejection performance improves. Therefore, when measured by ejec-
tion phase indices, the surgical benefit from AVR is not evident until late
post-operatively.
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in elevated PVR postoperatively. To assess the importance of NO production
before and after CPS and DHCA, twelve 4-6 week old piglets were instru-
mented with pulmonary artery (PA) and left atrial Millar micromanometers
and a PA ultrasonic flow probe. NO synthase was blocked with a 5 mg/kg
bolus of Nw-Nitro-L-Arginine Methyl Ester (L-NAME) into the main PA either
before (Control, n = 6) or after CPS and DHCA (DHCA, n = 6). The DHCA
animals were placed on CPS, cooled to 18°C, arrested for 60 minutes, re-
warmed to 37'C, and weaned from CPS. The L-NAME bolus was given 15
minutes after weaning from CPB in this group. PVR and input impedance
Ilin) were measured immediately before and 10 minutes after L-NAME in
both groups. The results are expressed as means ± SEM.
Before CPB, hemodynamics and LV regional preload recruitable stroke work
(RPRSW) were recorded. Coronary blood flow (CBF) was determined with
microspheres. Animals were cooled to 15°C prior to 2 hrs HCA. Group L-
ARG (n = 61 received an infusion of L-ARG calculated to achieve a plasma
concentration of 3 mM during the first 15 min of rep on CPS. Group CON (n
= 7) received 0.2 mglkg phentolamine at rep, according to the clinical proto-
col of this institution. Animals were weaned from CPB and data obtained for
3 hrs. No intergroup differences were seen in heart rate, systemic vascular
resistance, cardiac output, or left atrial pressure at baseline or during rep. (p
> 005) CBF at 1 and 2 hrs rep was not different between the two groups (p
> 0.05). Rep RPRSW data are expressed as mean % recovery of baseline.
'p < 0.006 vs Control by unpaired two-tailed t-test. 'p < 0.01 vs Time 0 by paired two-
tailed t-test
Conclusions: 1) PVR and lin are significantly increased by CPB and DHCA.
2) Blockade of NO synthase increases PVR and lin to a similar degree pre-
and post-DHCA, demonstrating that the pulmonary endothelium produces
NO after CPS and DHCA. 3) Since the endothelium continues to produce NO
following CPS and DHCA, other mechanisms, such as increased endothelial
production of vasoconstrictors or interstitial edema, may be important me-
diators of post-CPB pulmonary dysfunction.
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Increased nitric oxide production during early rep improves recovery of the
immature myocardium following CPS and HCA. Techniques such as this may
have application in clinical cardiac surgery.
Nitric Oxide is a Potent Arterial Duct Dilator In
Neonatal Lambs
Simon Abrams, Kevin Walsh, Mandy Diamond, Michael Clarkson, Susan Coker.
Royal Uverpool Childrens Hospital & University ofUverpool, UK
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1953-351 Reduction of Nitric Oxide Induced Reoxygenatlon
Injury in the Cyanotic Immature Heart by
Controlling Oxygen Content
Kal Ihnken, Kiyozo Morita, Gerald D. Buckberg, Georg Matheis, F Beyersdorf,
M.P. Sherman. UCLA Medical School, Los Angeles, CA; J. W Goethe-University,
Frankfurt/Main, Germany
Introduction: Abrupt reoxygenation of cyanotic infants on cardiopulmonary
bypass (CPB) is followed by a burst of nitric oxide (NO!. and oxygen free rad-
icals, leading to impaired myocardial contractility. This oxygen related dam-
age may be reduced by controlling p02 during initial reoxygenation. Meth-
ods: Twenty-five piglets (2-3 weeks) were made hypoxic on Ventilator for 2
hours. Six were not made hypoxic (Control). Simulating clinical routine, 9 hy-
poxic piglets were placed on hyperoxic (p02 400 mmHg) CPS (Hyperoxic).
Five others were put on normoxic (P02 100 mmHg) (Normoxic), and 5 un-
derwent hypoxic CPS at ambient p02 (25 mmHg!. delaying reoxygenation
until blood cardioplegic (SCP) arrest (Hypoxic). During 30 a min period of
SCP-arrest Nitric oxide (pmol/l00 g/min) and conjugated diene production
IA233nm/l00 g/min) were measured. Post CPB measurements included %
recovery of end-systolic elastance (impedance catheter!. and tissue antioxi-
dant reserve capacity (MDA production after exposure to t-BOOH).
Results:
Neonates with duct dependent pulmonary circulations require patency of the
arterial duct (AD)to maintain the underdeveloped circulation before palliative
or reparative surgery. Nitric oxide (NO) has been used in both animals and pa-
tients to relax the pulmonary vasculature and hence reduce pulmonary artery
pressure and increase pulmonary blood flow. However AD response to NO
is unknown. To determine the responses of the AD to NO, we used the NO
donor SIN-l, in vitro on freshly removed ADs and aortas from newborn lambs
(aged 1-5 days, n = 7). Vessels were cut into rings and mounted on tension
gauges in 3rC organ baths containing Krebs-Henseleit. After equilibration
with 1 gm of tension, the rings were tested for smooth muscle responses
to oxygen (02), prostaglandin E2 (PGE2), potassium (K+) and SIN-l. 02 con-
stricted the AD rings at tensions over 89 mmHg. PGE2 had no effect in con-
centrations ranging from 10-8-10-5. K+ constricted the aortic rings in con-
centrations ranging from 10-70 mmoill. SIN-l relaxed the K+ preconstricted
aortic rings in concentrations ranging from 10-7_10-4 K+ constricted the
ADs in a similar concentration range to that of aortic rings. PGE2 had no ef-
fect on the post term AD in concentrations ranging from 10-8-10-5. With
preconstriction using 40 mmolll of K+, the AD relaxed in response to SIN-l
in concentrations ranging from 10-7_10-4 in equal proportion to aortic rings
from the same animals under identical conditions (p > 0.05).
Conclusions: 1) Nitric oxide is a potent dilatorof the arterial duct in a similar
fashion to its effects on other vasculature and may have a role in the manage-
ment of neonates with duct dependent circulations. 2) Previous exposure of
the AD to oxygen abolishes the relaxation response to PGE2'
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Ensystolic Anti oxidant Conjugated Diene Nitric Oxide
elastance reserve capacity production production
Control 102 ± 7 943 ± 88 3.2 ± 1 270 ± 182
Hyperoxic 21 ± 2# 1342 ± 89# 420 ± 4.4# 4767 ± 2455#
Normoxic 56 ± 11' 939 ± 74' 15.5 ± 3.1' 1264 ± 736'
Hypoxic 83 ± 8' 982 ± 88' 1.8 ± l.4't 309 ± 88,t
#P < 0.05 vs. Control. 'p < 0.05 vs. Hyperoxic, t = P< 0.05 vs. Normoxic
Concfusion: These data document a NO and oxygen free radical related in-
juryin the hypoxic immature heart after hyperoxic reoxygenation on CPS Inor-
mal clinical routine). Controlling p02 during the initial reoxygenation period
resulted in dose dependent less NO production, and in improved biochem-
ical and functional status. Clinical application of "controlled reoxygenation"
could improve myocardial protection in cyanotic immature hearts on CPB
and improve clinical outcome.
L-Arginine Administration Improves Left
Ventricular Performance in Neonatal Lambs
Following Cardiopulmonary Bypass and Two
Hours of Global Hypothermic Ischemia
Joseph M. Forbess, Takuya Miura, Takeshi Hiramatsu, Mark Cioffi,
John E. Mayer Jr.. Children's Hospital, Boston, MA
Prior studies in isolated neonatal lamb hearts showed that the nitric oxide
precursor L-Arginine (L-ARG), infused during reperfusion (rep) improved left
ventricular (LV) function and coronary blood flow (CBF) after hypothermic
ischemia. We evaluated the effects of L-ARG in an in situ model of cardiopul-
monary bypass (CPS) and hypothermic circulatory arrest (HCA) in 13 neonatal
lambs with LV micromanometers and LV free wall sonomicrometry crystals.
Role of Nitric Oxide (EDRF/NO) in the Control of
Pulmonary Vascular Resistance in Conscious
Dogs with a Blalock-Taussig Shunt
Steven Zangwill, Welton Gersony, Thomas Chen, Xiaobin Xu, Rocco J. Lafaro,
Thomas H. Hintze. Columbia University, New York, NY; New York Medical College,
Valhalla, NY
The mechanism for preservation of normal pulmonary artery pressure in the
presence of increased pulmonary blood flow is unknown. We hypothesized
that NOIEDRF (through an increase in blood flow) is responsible for the low
pulmonary vascular resistance seen after opening a Blalock-Taussig shunt.
Six dogs were instrumented for the measurement of pulmonary and left atrial
pressures and other parameters. A subclavian-pulmonary artery graft was
created. A flow transducer and occluder were placed on the graft to record
flow and temporarily occlude the shunt. The dogs were allowed to fully re-
cover and all experiments were performed with the dogs awake. Two to four
weeks after surgery, hemodynamics were recorded with the shunt open and
repeated with the shunt closed. After infusion of nitro-L-arginine (NLA, 30
mglkg) which is an inhibitor of NO synthesis, measurements were repeated
with the shunt closed and again after re-opening it. With the shunt closed,
mean (M) pulmonary artery pressure (PAP) rose from 13 ± 1.5 to 16 ± 0.9
mmHg after NLA (ns). With the shunt open, MPAP rose from 14 ± 2.4 to 23
± 1.9 mmHg after NLA (P < 0.05). Changes with the shunt open were statis-
tically different from shunt closed. The calculated increase in pulmonary vas-
cular resistance mirrored these findings (p < 0.05). We conclude that EDRF is
important in maintaining normal PAP in the presence of increased pulmonary
blood flow. This mechanism may account for the physiologic pulmonary vas-
cular accommodation which occurs in the presence of a surgical shunt Or
congenital left-right shunt lesions.
